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OF AN EXPANSION CHAMBER FILTER
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ABSTRACT. A theoretical and experimental
study of the influence of air flow on the at-
tenuation characteristics of a single expansion
chamber filter is presented. The acoustic
energy dissipation caused by air flow at the
open end is counted for the equivalent resist- _
ance pocM which derived from Equations (1) - . 4
(4), where poc is the characteristic impedance:
of air and M is the Mach number of air|
flow. From Equations (6) - (8) and Equations
(14) - (16), one gets the equations for the
particle velocity at each area change in a tube
with air flow, which was described by Equation~
(9) and Equation (17), and the effective cross
section ratios Sy and Oye are obtalned. Assum-

T
{

ing that the area changes of a single expansion
chamber filter can be expressed by these ef-
fective cross-section ratios, the attenuation
characteristics of the filter with air flow |
for a reflection-free source and a constant-
pressure source can be given by Equation (28)

and Equation (31), respectively.

The theoretical values of the sound attenu-
ation for a constant pressure source are CcoOm=-
pared with the measured values over a range of
mean-flow velocity U < 40 m/sec. The results
are shown in Figure 7.
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T T T T T 1. Introduction - o /501‘

Research concerning gcoustic filters was performed by per-
sons such as Stewartvfi}7~MasonfEQJ;‘Lindgay"E3ﬂgwand Kobayashi

[4] during the early period of electroacoustics. An analysis

of them relied entirely on the similarities with distributed
constant circuits or four—termihal circuits, which were already
known in electric circuitry. In 1953, the EEEEiEE“B?“éyétéﬁatia
reseaprch were published concerning a series of silencers in- '

tended for engines by Don D. Davis et al. [5], and acoustic

filters came to be widely known as silencers. However, the
theoretical manner in which they were handled followed the same
method adopted for acoustic filters in the past. This was the
theory of so-called static characteristics, in which the effects;
of air flow‘were ignored Ever since then, silenders have been
designed by a method fundamentally based on the conventional

mode of thinking [6, 71. Howevers, ‘the . effkcts of air flow cannot
be ignored in engine mufflers, which are often used as silencers,
and these mufflers also are structurally complex. For this
reason, at the present time they are being designed using en-

tirely empirical techniques.

Research concerning the effects of air flow on the propaga-
tion of sound waves or concerning the interaction between sound
waves and air flow has in recent years been very extensive [8 -
11]. However, research concerning silencers has not yet been - /502

sufficient, and the results of future research have been awaited.

This paper is an analysis of the effects of air flow on

the acoustical characteristics of an expansion chamber filter. .5

foreign text. . o
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The’ ‘purpose ‘of the research was to clarify the infiuence of air -
flow on silencers, which is regarded as of importance also from
the practical standpoint. The fundamental ideas are the same

as those adoptedmforvresonance"fi}ters;-which“were dealt with

in a previously published paper [12].

2. Acoustic Impedaﬁce at the Open End

where Air Flow is Ejected

Sound waves which have been propagated inside a tube with a
sufficiently small diameter in comparison to the wavelength may
be considered to be totally reflected at the open end. However,'
in cases when an air flow is being ejected from the open end, |
the reflection will not be total, and the sound waves will be
radiated outside the tube at a rate in direct proportion tof the
air flow velocity [13]. '

Let us suppose that the particle velocity near the open.end:
inside a tube with a sufflclently small diameter in comparison ‘

to the wavelength 1s g, that the sectional area of the tube is

S, and that the mean density of the air is pO’ as shown in T|/

Figure 1. In this case, the air near the open end can be repre-

sented by a piston having a mass pOSGZ and a vibration speed é.

Here, &7 is the piston length; 1t e

is sufficiently small in comparison
r—~31—~

with the wavelength. : !
U p— sm -4
| % i

If it is assumed that this
piston 1s ejected outside of the

x<0 >0

tube by the air flow at a speed. - -0 T

R 12 cw - . . . e e
U (m/sec), d@s shown in Figure 1, Figure 1. Diagram of a
the micromass put out within the tube with an open end




" “regicn where x > 0 within the micro-time interval 6t will be:

s

" sz peSUOE | (1)

' |
Therefore, if the-piston-energy-ejected-out—of -the open end is E
(Joule), this can be expressed as follows:

T B (2):
‘»’aii=-;-posué= (Joulefsec) | - S0

Thus, if Equation (2) is considered to be the dissipation .
function, the kinetic equation concerning this piston will be
as follows:
EACATSA IR \ (3)
The T in Equation (3) represents the kinetic energy, while p

represents the driving sound pressure towards the piston.

Consequently, based on Eguation (2) and Equation (3), the
impedance density of the piston. viewed from inside the tube j
will be: '- ,

L wmeM—iopll (MKS Rayly| (4)

- Ze

oy

Here, c represents the propagation speed of the sound waves,

M — the Mach number of the air flow (U/c), and w — the angular
frequency of the driving sound pressure. It is assumed that

i =/ —I. When M = 0, Equation (4) is nothing but the impedance.
density when the open part is viewed from a position 8§17 from the
open end. Therefore, the acoustic impedance density at the open.
end where the air.flow is ejected will be expressed as follows:

, pocM  (MKS Rayls)

(5)
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3. Effects of Air Flow on Expanded Tube’

When sound waves are propagated inside an acoustic tube in
which the sectional area of the tube varies discontinuously,
reflection of the sound waves occurs at discontinuous parts of
the tube. Let us next study how the propagation of these sound
waves is affected by the ailr fléw moving through the inside of
the tube.

Figure 2 shows a tube A with a sectional area of.Sl which is

connected at x = 0 to a tube B having a sectional area of S2.
If the incident sound pressure, the re-

flected sound pressure, and the trans- o 8

nitted sound pressure are represented as

Pq> Pss and p3, and if the particle ; P —

.velocities corresponding to them-are re-

presented as El’ £2, and 53, the fol- | | U

lowing will hold at x = 0: : o=

Figure 2. Diagram
of 'a tube A and B
connecting at x =0

prp=pn (A\r“’) \ (6)

On the other hand, if the air inside
&ube A in the vicinity of the connection
surface of both tubes is approximated by a piston, as described
in the preceding section, since the equivalent resistance density

caused by the air flow is expressed by Equation (5), the rela- /503

tionship between the sound pressure and the particle speed at
x = 0 will be:

.

D p2 .\'1;"3\= b by
B R CA -i-poc M Is
I (-5253/,\1:0 poc M (MRS Ray a)_\ ( 7 )

The fifst'tefﬁAon the right side of Equation (754i§wfhé>ébbu§tic’
impedance density in cases when there is no flow, and the second *

5



term is the “équivalent resistance density caused by the air
flow. Concerning these sound pressures and particle velocities,’
if we make use of the following relationships:

e =2 = pac(l+ M), - 1 e

55 fz snoc{l— M), | 3\ (8)
\P s /\l-o——"'oC, pa,"éx='ipgcgl-'r1\f1’)';
the equation for the particle vglocity at x.= 0 will be as

follows, from Equation (6) and Equation (7):

si-da= (=0

1— s M

/1 r M :
= \1 e M)ow \m/sec) (9)

Here, o is the sectional area ratio of both tubes (S /S < 1),

and M' represents the Mach number of the air flow inside tube B.
Here, if we represent the effective sectional area ratio wnen
there is air flow as follows:

a7 o
IMETeM "\2' (10)

Equation (9) will become formally the same as the well known
equation for the particle velocity when there is no air flow.

From Equation%f}@j;r (8), the sound pressure reflection
coefficient will be:

] .

L, Effects of Air Flow on Contracted Tube

If the sound field inside the tube can be expressed approxi-
mately by the (0, O) mode alone, the air inside tube B near the
connecting surfaca of both tubes can be approximated by a piston g

in the same way as in the preceding section, 'as EHoWd_in\Figure 39




“If the sectional area of tube B 1s 82, the gectional area

of tube C is 83, the sectional area ratio of both tubes 1s

o = 82/83, and the Mach number é?mtbeugifﬂ o

flow inside tube C is M, the Mach number

of the air flow inside tube B will be % ‘ ¢
) 1 R Dy -

M' = M/o. However, the air flow near | M= pﬂ_m* M=

the open surface of tube B 1n the vicinity i

of x = 17 will have a flow velocity closer % L
o ) ! x

to the flow velocity inside tube C. Con-

sequently, if the Mach number of the ailr Figure 3. Diagram

flow in this section is expressed as M, of a tube B and C
the equivalent resistance of the hypo- congeit%ng at
thetical piston can be expressed as
follows:

lméMﬁg'yfir' (12)

Therefore, the equivalent resistance density produced by the

air flow in the connection part, viewed from tube B, will be:
pocMSafSapocisl! (MKS Rayls)|] (13)
Consequently, if the sound preséures of the incident waves, the
reflected waves, and the transmitted waves are p3, Dys and p5,
and the particle velocitiles corresponding to them are 53, gu,
and ES, the follpwing will be obtained at x
ot pu=ps (Njm3),|

P + po (Saps _ .,
REp= (), et otk Rt

On the other hand, since the following relationship holds be-

tween the sound pressure and the particle velocitys—-— - — -



palés= ﬂodl—-—ﬂi') l
P4/\4 = poc(l — M), v j (16)

_\/’a/s )M-o=ﬂoc Ps/\s poc\l+‘\'!) l
in view of Equationé‘(iﬂj'— (16); EhéiéﬁﬁétibﬁAﬁiEh reference
to the particle velocity will be expressed as follows at x = 1:

'éa—é4=(és)u-o/0(l + .’V!’/y) &

=&/on- (mfsec)

(17)

At the effective sectional area ratio of the contracted tube

when there is air flow, Oy will be as follows:
it e (a8)
Also, in view of Equations (14) - (16), the sound pressure re-

flection coefficient will be as follows:

gl o)

5. Effects of Alr Flow on Expansion Chamber Filter

The sectional area ratio of an expanded tube from which air’

flow is ejected,}shown in Equation (10), will become equi- \'

valently smaller on account of the air flow and, if M' << 1, the

effective sectional area ratio will be:

wmit |3 (20)

1+0M

On the other hand, the effects of air flow will;be smaller in
a contracted tube than in an expanded tube, and if M' << 1,
the effective sectional area ratio will be as follows due to
Equation (18):

) - 7(7’.—‘ B )
~.(I,\4:=:1'_—*-}giv\\‘z\ . . (21)

Tf it is assumed that the discontinuous sectional area
ratios of an expansion chamber filter can be expressed by this

type of effective sectional area. ratlo,“the"equatlon concerning

R | - ]

~
\J1
o
=



the sound pressure and the partlcle

velocity, when there is. flow, for an 8
acoustic tube such as that shown in A ¢
Figure 4 can be represented“as*follows‘ﬁ - = b hmm—‘ N
nd v - ~ikel C=by M=
2: Do Dieol—
when x = 0: '
prpmprere N | (22)
l-fmonth-t) mises]  (23) S
I% can’ be expressed as follows'g*,.) Figure 4. Diagram of
_ 7. a single ‘expansion » '
when x L : » chamber filter

prexpliba)+ puexp(—ikd) = ps (N3 | (214)

Cdrexp (iksd)—diexp (~ikd) =fow [misec) | (25)

Here, k., and ku are the wavelengthfconstants of the sound wavesgj

3

propagated in the positive and..negative directions of x insidewwj

tube B. If k = w/c, they can be,expressed as follows:

e+ M), i~ M) [] (26)

Using the relationships in Equation (8) and Equation (16),
let us seek the ratio between the incident sound pressure and

the transmitted sound pressure by means of Equations (22) - (25):

‘e.i,sz'“(, 1280 (1 12

lps 40 pr 1+M'

it
‘ -exp(—ik;l)—-(l 1:;-,0,,)

-4

|
i

4

i
it

L 1+ M
'(L A1»+1 —au)exp(:kd)}g\ l (27)
consequently, the absolute value in Equation (22) can be ex- o

pressed approx1mately as follows

e e e =



A |

au [ 1
+ —~,L(1—-/\'[)du (—1—‘—&:{)‘0';]

Bl+hﬂuvt oélﬂ?ZJ’m%“ﬂ

AR I | (28)

The sound pressure attenuation can be expresséd as 20 log10
|p1/p5|: If it is assumed that oyp >> 1, the attenuation will be

approximately as follows:

B : - 2 :
20 logmi ﬁli =10 logio [1 + (9_2‘1) sm’(kl)] \

e (d@‘z» (29)

Equations (28) and (29) indicate that the sound pressure
attenuation of an expansion chamber filter will grow less as

~the flow velocity increases.

6. Experiments

6.1. Experimental Equipment and Measuring Method

The experimental equipment is shown 1in Figure 5. The side
of the sound source includes a speaker for generating pure tones,
and a blower is installed after a muffler. It is possible to
obtain.with this blower a flow velocity of up to about 50 m/sec
in the duct section. On the other hand, on the sound receiving /505
side there is a horn with a cut-off frequency of 70 Hz. In-
the measuring frequency band zohe,‘the termination is almost
reflection-free without a connection with the velocity of the

air flow. The duct at the section where the muffler is in-

" stalled is made of wood with a thickness of 50 mm. It is built

so that vibrations from the sound source will not be transmitted *

to the sound receiving-side.]

10
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Figure 5. Experlmental arrangement for measuring
attenuatlon due to a 51ngle expansion chamber
(fiillter with air flow

The expansion chamber filter, as shown in Figure 6, is
9 and
The steel plates in the cavity

made of a steel plate with a sectional area ratio of ¢ =
a cavity length of 7= 500 mm.
section are provided with vibration damping materials, so that
plate vibrations will not occur. During the experiments, fur-
ther reinforcements wereApro§ided from the outside to prevent

vibrations.

The sound pressure on the sbund receiving side when the
muffler is attached and when it is removed is measured by the
probe microphone inserted on the side wall of the horn. It 1s
passed through a narrow
band frequency analyzer
The

noises produced by the

4 ded R L
and recorded.

N

——
|

S V.Y S
I[— 3%

air flow are attenuated

©

° rlCO*‘
1L

by means of the narrow L 10 A

band frequency analyzer
at a rate of 45 dB/ 4

octave with reference to

l——_—— 30 ————} ' $00

Figure 6. Schematic diagram of

the passrpagddfrequency;

they are separated from

a single expansion chamber for
attenuation] tests - o
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" the pure tone emitted from the sound source. However, since
the noises produced by the air'flow become larger as the flow
velocity increases, it 1is difficult to separate them. 1In this
experimental~equipmenb;-whenvthe~averagewflow~velocity was
40 m/sec, it was impossible to make adequate measurements of

the sound pressure at frequencles below 300 Hz.

The measured value of the sound pressure attenuation 1s the
difference in. the sound pressure level on the sound receiving
side due to the presence or absence of a muffler. However, its
value differs depending upon the conditions at the sound source,
and the attenuation expressed by Equation (29) is that produced

when the impedance on the sound source side is PoC — that is,

when the sound source side, as well as the sound receiving side;
is a reflection-free end. On the other hand, when the sound
source side is not a reflection-free end — that is, when the'
impedance on the sound source side as a 1limit is either infi-
nitely great or zero — is 1is necessary to treat the sound
source either as a constant- speed sound source Or as a source

of constant sound pressure, respectively. An automobile engine
is regarded as one of the representative examples of a constant-
speed sound source accompanied by air flow. However, since it
is difficult to separate the sounds coming from the sound source:
from the sounds produced by the air flow, it cannot be used

for the purpose of making direct comparisons with the theoreti-
cal value of the attenuation. The sound source side of the

experimental equipment used in these experiments waa "remodeled-

so that the sound pressure attenuatlon at condltlons of no alfw

flow in the prellmlnary experlments would be ~as close_.as p05516ﬂ

to the theoretical characteristics in the case of a source of J
constant sound pressure.

T

12



6.2. éoﬁﬁérison of Theoretical and Measured Values

The sound pressure attenuation of an expansion chamber
filter with respect-to a source of constant sound pressure, when
the sound receiving side is a ﬁeflection—free termination, is
expressed in the following manner, if the sound pressure on the.

receiving side when there is no muffler is PO’ and the sound

‘pressure on the sound rece1v1ng 51de “Wwhen a muffler has. been]

1nsta11ed is p5 }

‘20 10gw{p | @B \_j (30)

However, from Equations (22) (25), one obtains the following:

l lpxex&(__xka)ﬂ-pz exp (th,l

= {0 ? sin®(kl) sin?(k L") —20 s sin(!)
~ wcos (k) sin (RL') cos (kL")+cosi(kl})
| (L'=LR1—-MY=L, M", ML), (3D [

Here L represents the distance from the expansion chamber filtern
to the constant sound pressurevsound source. The appar@bt posi-
tion of the constant sound pressure sound source in this experi-
mental equipment is about 1.5 m from the muffler, the place
where the acoustic tube coming from the speaker enters the duct.
It corresponds to the place where the sectional area of the

duct is expanded, viewed from the muffler side.

Figure 7 éives the theoretical values and measured values
of the sound pressure attenuatilon characteristics of the expan-
sion chamber filter with respect to a constant sound pressure
sound source. The changes in the attenuation characteristics
from a state with no air flow up to a flow velocity of 40 m/sec

(1)

Refer to appendix.
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are shown. Since the measured
value of the attenuation at a

state of no air flow is

rather close~tofthe~theoreti—v9w

cal characteristics with
respect to a constant sound
pressure sound source, 1t

is possible to regard the
sound source of this experi-
mental equipment more or
less as a constant sound
pressure sound source.

The sound pressure attenua-
tion declines gradually as
the flow velocity increases.

For instance, the theoreti-

-ecal value of the maximum -

attenuation in the vicinity
of 170 Hz at a state of no
air flow is 19.1 dB.

ever, when the velocity of

How-

the air.flow is 10 m/sec,
it is 17.0 dB; when the
velocity is 20 m/sec, it
15.4 dB. When
is 30 m/sec,
to 14.1 4B,

decreases to
the velocity
it decreases

and when the

el ET

| Figure 7.

)
T

PREQUENCY (M2}

Attenuation character-
istics of a single expansion
chamber filter ( calculated
from Equation 31, ¢ measured)::

"1 — without air flow; 2 — mean-
flow velw velocity U = 10 m/sec,

3U = 20 m/sec, 4U = 30 m/sec,

5U = 40 m/sec

velocity is 40 m/sec, it decreases to 12.8 dB.

These changes in the sound pressure attenuation depending on

increases in the flow velocity are clearly apparent in the meas- :

urement ‘results, if one excludes certain local variations.

The-

maximum value of the attenuation in the vieinity of 170 Hz at

a state of no air flow 1s 17 dB; at a flow velocity of 10 m/sec,

14



it is 14.5 dB; at a flow velocity of 20 m/sec, it is 13 dB; and
at a - flow velocity of 30 m/sec, it is around 10 dB.

The differences between the measured values and the theo-
retical values are due in part to the differences between the
experimental equipment and the conditions assumed’™in the theo-
retical equations. They are also partly attributable to differ

ences between physical phenomena and the simplified theory. As
for the former item, problems remaih.chiefly in relation to im-
provements of the sound source side. As for the latter, prob-
lems arilse when the air flow becomes more rapid.

i

7. Conclusion-

Since it is diffib@lt to treat mathematically the air flow
itself which plows along inside the muffler, it becomes neces-
" sary to simplify the phenomena considerably in‘order to exprésé‘
the propagation of sound waves inside the muffler accompanied
by air flow. Naturally, the validity of the results 1is to be
judged according to the experimental results. However, in many
cases, as the air flow becomes more rapid, it becomes difficult
even to carry out such experiments themselves. Here, we merely
gave the experimental results up to a flow velocity of 40 m/sec.
However, one can easily assume, even from the results of this
research, that the characteristics of the mufflers installed on

the engines will differ from static characteristics.

In conclusion, the author thanks Profes§br Ito Tsuyoshi of
the School of Physical Sciences, Waseda University, foriﬁigﬂy
daily guldance. He also expresses his gratitude to the person-
nel of the laboratory for their cooperation and to the per-
sonnel of the Toyo Netsu Kogyd K. K. and the Koritsu SangyG K.K.|
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APPENDIX
Approximate calculations for Equation (31):

From Equations (22) (25), we obtain

pz=(1_—xv_£).1_—M"[(l 1M, o)

toe \L+M/ 4o 1+M

:‘ (1 LM au)exp(—iki‘)

Y7
1+ M 1+M )
"(“'1—1\4'”“)(1 1+M

L

¢§gaho}E]A__ - (_”f

[

(A.1)

Thus, from Equation (27) and Equation (A.1l), we obtain

pxexp( xka)+p:exp(xsz 1—M"3
b3 o 40w

:{Aexp(—:ko B exp (ikD)} exp (iAM'I

L 1-M\ 1-M"
'k’LH(HM) e

— D exp (ikd)) cxp_(,_w'u.m.) A |

{Cexp(—ikl)

Here,

o 1=M V[, 1+M )
= LM Tuar

A (‘+1+Aw””)o+1—nw u

; 1-M 1+M )

| Bum|l="""Tmoy) (1= 0],

' B (1 1-M' M)( 1+M' ”

|

- 1+ M ( 1+Ala )

¢ (1 1+AW0")1+1~AW )
_ 1+M _1+M ,)

YD—_(1+1—4’W'0“)( 1+.‘W'a~ .

1
Consequently, if M =, M~ << 1, the following

Vd%id:
prexp (—xk:L)+pz exp (xkzL)l
ps
= {a?sin® (k) sin® (k L') —20 u sin (ki)
«cos (k) sin (kL") cos (kL')+cos? (k1)) 2 ]

Here,‘L' = L/(1 — M2)

(A.2)

expression is

(A.3)
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